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ABSTRACT 

The present  and f u t u r e  r o l e  o f  t h e  cesium beam frequency standard i n  
t ime and frequency metrology i s  b r i e f l y  discussed. The present  l i m i t a t i o n  
o f  t h e  cesium beam dev ice  i s  t he  u n c e r t a i n t y  i n  the  de te rm ina t ion  o f  t he  
f i r s t -  and second-order Doppler s h i f t s .  These a r e  fundamental problems o f  
a l l  frequency standards and p s s s i b l e  s o l u t i o n s  i n  cesium c locks  and o t h e r  
standards a r e  mentioned. 

The purpose of t h i s  paper i s  t o  p u t  t h e  cesium beam frequency standard i n t o  

perspec t ive ;  t h a t  i s ,  t o  see how i t  compares w i t h  t h e  new ideas f o r  frequency 
standards, many o f  which a r e  discussed i n  o t h e r  papers from t h i s  conference. 

Perhaps i t  should be mentioned t h a t  cesium may have go t ten  some u n f a i r  t r e a t -  

ment i n  t h e  sense t h a t  t h e  phys ics  and the  idea f o r  t he  bas ic  machine a r e  

f a i r l y  o ld ,  and t h e r e f o r e  i t  may n o t  have q u i t e  the  f l a i r  o r  i n t e r e s t  t h a t  some 
o f  t h e  new ideas have. 

on cesium f u r t h e r .  

However, a good case can be made f o r  pushing research 

The advantages o f  t he  cesium beam standard a r e  severa l .  I t  i s  s t i l l  t h e  

most accura te  ( rep roduc ib le )  frequency standard a v a i l a b l e  by a t  l e a s t  an o rde r  

o f  magnitude, and i t s  long-term s t a b i l i t y  f o r  weeks) i s  a l s o  unsurpassed. 

Another advantage and probab ly  the  reason f o r  i t s  l o n g e v i t y  as a frequency 

standard i s  t h a t  by today ’s  c r i t e r i a  i t  i s  a very  s imple device, hence i t  can 
be made rugged and has a p p l i c a t i o n s  ou ts ide  o f  t h e  l a b o r a t o r y  environment. 

Furthermore, i t  operates i n  the  microwave r e g i o n  where frequency and t ime  

measurements a r e  e a s i l y  made. 
frequency standards which r e q u i r e  a h igh  q u a l i t y  m u l t i p l i e r  f rom t h e  r a d i o -  

frequency range t o  t h e  opera t i ng  frequency i n  o rde r  t o  accomplish p r e c i s e  t im ing .  

F i n a l l y ,  i t s  p resent  l i m i t s  a r e  those which plague a l l  f requency standards and 

these problems may prove t o  be more t r a c t a b l e  w i t h  the  cesium beam. 

Th is  i s  t o  be cont ras ted  w i t h  t h e  o p t i c a l  
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To g i v e  an idea o f  t he  present  s t a t u s  of cesium beam standards, data 
a r e  g iven f o r  NBS-6, t h e  pr imary  cesium standard o f  t he  Nat iona l  Bureau o f  
Standards. These data a r e  n o t  necessa r i l y  rep resen ta t i ve  o f  o the r  pr imary 

standards,  no tab ly  those o f  t he  Phys ika l isch-Technische Bundesanstal t (PTB), 
Germany, and the  Nat iona l  Research Counci l  (NRC), Canada, a1 though uncer- 
t a i n t i e s  i n  ou tpu t  f requency a r e  comparable a t  about 1 p a r t  i n  1013 and the  

most impor tan t  systemat ic  frequency s h i f t  appears t o  be due t o  c a v i t y  phase 
s h i f t .  

e r r o r s  i n  NBS-6 [l]. 

6(b) .  
t r a n s i t i o n s  a r e  n o t  ser ious  o r  fundamental ones, and w i t h  s u f f i c i e n t  care 

they cou ld  be reduced t o  g i v e  l e s s  than 1 p a r t  i n  1014 e r r o r  i n  NBS-6. 

fundamental and ser ious  problems a r e  caused by the  c a v i t y  phase s h i f t  and 

second-order Doppler s h i f t  c o r r e c t i o n .  

Table 1 shows t h e  r e s u l t s  o f  a recen t  eva lua t i on  o f  t he  systemat ic  

The l a r g e s t  e r r o r s  a r e  those numbered l ( b ) ,  3, 6 (a) ,  

The problems o f  second harmonic d i s t o r t i o n  and p u l l i n g  by ne ighbor ing  

More 

The second-order Doppler s h i f t  i s  t h e  f a m i l i a r  t ime d i l a t i o n  e f f e c t  

exper ienced by t h e  atoms which move w i t h  respec t  t o  the  l a b o r a t o r y - s t a t i o n a r y  
c l o c k  apparatus. 

c i s i o n  o f  a v e l o c i t y  d i s t r i b u t i o n  de terminat ion  o r  more p r e c i s e l y  the  impre- 
c i s i o n  o f  a de terminat ion  o f  v 
t h e  beam. Various techniques have been employed t o  measure t h i s  e f f e c t  [2]; 

w i t h  care  t h e  u n c e r t a i n t y  cou ld  be reduced below 1 p a r t  i n  More impor- 

t a n t l y ,  t h i s  i s  a problem which a l l  f requency standards encounter and a t  

present  the  cesium standard can a s c r i b e  t h e  smal les t  u n c e r t a i n t y  due t o  t h i s  

e f f e c t  . 

The u n c e r t a i n t y  i n  the  e f f e c t  i s  governed by the  impre- 

2 ( p r o p o r t i o n a l  t o  temperature) averaged over  

More ser ious  i s  t h e  problem o f  c a v i t y  phase s h i f t .  

r es idua l  f i r s t - o r d e r  Doppler s h i f t  and i s  due t o  losses i n  the  Ramsey 

microwave c a v i t y .  Th is  res idua l  e f f e c t  a f f e c t s  a l l  frequency standards t o  

va ry ing  degrees; f o r  example, i n  o p t i c a l  sa tu ra ted  absorp t ion  i t  r e s u l t s  

f rom wave f r o n t  curva ture .  
t o  f i r s t - o r d e r  by reve rs ing  the  d i r e c t i o n  of  t h e  beam, thereby changing t h e  

s ign  o f  t h e  frequency s h i f t .  

Th is  i s  a form o f  

I n  cesium the  e f f e c t  i s  s t r a i g h t f o r w a r d l y  measured 

A problem occurs because t h e  phase s h i f t  may 
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be d i f f e r e n t  a t  d i f f e r e n t  l o c a t i o n s  i n  the  microwave c a v i t y ;  t h i s  occurs 

i f ,  f o r  example, one s i d e  of  t he  c a v i t y  i s  more l ossy  than the  o the r .  
i s  r e a l l y  only a problem i f ,  when the  beam i s  reversed, we can n o t  o b t a i n  
exact  beam re t race .  
phase s h i f t  i s  due t o  the  u n c e r t a i n t y  i n  o b t a i n i n g  r e t r a c e  on beam reve rsa l .  
The d e t a i l s  o f  t h i s  measurement a r e  f u r t h e r  descr ibed i n  Ref. 1. It should 

be noted t h a t  t h i s  e f f e c t  appears t o  be a main l i m i t a t i o n  i n  o t h e r  p r imary  
cesium standards. 

Th is  

Hence, the  u n c e r t a i n t y  i n  the  de terminat ion  o f  c a v i t y  

Ou t l i ned  above a r e  the  f a c t o r s  which l i m i t  t h e  accuracy o f  NBS-6. Rather 

than t r y i n g  t o  speculate on t h e  u l t i m a t e  accuracy o f  cesium beam devices i t  

may be usefu l  t o  examine what i s  necessary t o  o b t a i n  accuracy b e t t e r  than 

1 p a r t  i n  10 . To reach these accurac ies one must f i r s t  achieve s t a b i l i t i e s  

which a r e  s i g n i f i c a n t l y  b e t t e r  than t h i s .  Therefore,  one must l o c a t e  and 

c o r r e c t  f o r  those e f f e c t s  which degrade long- term s t a b i l i t y .  For example, 
i n  NBS-6 t h e  frequency s t a b i l i t y  " f l o o r "  i s  l i m i t e d  t o  about 1 p a r t  i n  10 

p r i m a r i l y  because o f  magnetic f i e l d  f l u c t u a t i o n s .  I t  i s  a l s o  impor tan t  t o  
increase the  shor t - te rm s t a b i l i t y  ( i . e . ,  s i gna l - to -no ise )  so t h a t  the  t ime 

requ i red  t o  reach the  s t a b i l i t y  " f l o o r "  i s  n o t  i m p r a c t i c a l l y  long.  

14 
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The most s i g n i f i c a n t  problem i s  of course the  u n c e r t a i n t y  i n  the  

c a v i t y  phase s h i f t  determinat ion.  
s o l u t i o n .  

change i n  l i n e  cen te r  f o r  var ious parameter changes on t h e  standard.  

ever, t h e  e n t i r e  Ramsey resonance p a t t e r n  conta ins  i n fo rma t ion  on c a v i t y  

phase s h i f t  and o t h e r  d i s t o r t i o n s  and t h i s  i n fo rma t ion  should be f u l l y  

used [3]. This  may i n v o l v e  a f a i r l y  ex tens ive  s e t  o f  measurements s ince  

one must make assumptions about the  form o f  the  s p a t i a l l y  d i s t r i b u t e d  

c a v i t y  phase s h i f t ,  t h e  form o f  t he  beam d e n s i t y  - and v e l o c i t y  d i s t r i b u t i o n  

across t h e  c a v i t y  and a l s o  requ i res  an accura te  knowledge o f  beam geometry. 

One s o l u t i o n  o f  t h i s  may be a "sof tware"  
I n  the  past ,  most measurements have been made by observ ing the  

How- 
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An a t t rac t ive  s o l u t i o n  t o  the cavity phase shif t  problem which eliminates the need 

for  the above assumptions i s  t o  use superconducting Ramsey cavi t ies .  In th i s  case, the 

low loss implies t h a t  the phase s h i f t  across the cavity i s  essentially constant; i f  t h i s  

is t rue,  one does not need t o  make assumptions about beam geometry o r  velocity distri- 

bution across the cavity.* In fac t ,  one does not need to  obtain exact beam retrace i f  

the velocity distributions can be accurately measured for  both beam directions.  

l imits  o f  accuracy i n  this case would be provided by measurements of unloaded cavity Q 

which would a priori s e t  upper limits on the spat ia l ly  distributed cavity phase s h i f t .  

The 

A more fundamental solution to  the problems of f irst-  and second-order Doppler 

shift  is t o  slow the atoms down. 

radiation cooling [4] although rather s t r i c t  requirements are  placed on the laser  i f  

significant cooling ( t o  temperatures of a few degrees Kelvin) is to  be achieved. Another 

solution is  to  thermalize the atoms w i t h  a low temperature source. 

that  beam intensi t ies  remain suff ic ient ly  h i g h  that  short-term s t a b i l i t y  is  not degraded. 

In a cesium beam device this may be provided by laser  

Both solutions require 

For the long-term future i t  appears tha t  the problems of f i rs t -  and second-order 

Doppler shift  must be solved in a fundamental way. 

quency standard and implies that  the atom must be slowed down. 

poss ib i l i t i es  for cesium, an a t t rac t ive  solution exis ts  w i t h  ion traps where radiation 

pressure cooling can be accomplished w i t h  a single frequency low power laser  [5]. Any 

device u s i n g  slow atoms (ions) must s t i l l  of course have suff ic ient  signal-to-noise to  

make precision measurements possible i n  a practical length o f  time. 

This would be required of any fre-  

Aside from the above 

*The overall cavity Q could be kept low by loading the cavity a t  the i n p u t ,  t h u s  
avoiding cavity pulling problems. 
a t  the ends where the cesium beam passes through. 

I t  i s  most important to  have the cavity lossless 
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TABLE I 

B i a s  B i a s  ( c y )  U n c e r t a i n t y  

1. Servo system o f f s e t s  

( a )  A m p l i f i e r  o f f s e t s  0 .02 1 0 - l ~  

( b )  2nd harmonic  d i s t o r t i o n  0 .15 1 0 - l ~  

2. Magne t i c  f i e l d  e f f e c t s  

( a )  O f f s e t  due t o  f i n i t e  f i e l d  + 536 1 0 - l ~  .03 1 0 - l ~  
( T y p i c a l  ) 

( b )  Magne t i c  f i e l d  i nhomogene i t y  + .02 .02 1 0 - l ~  

( c )  Majorana t r a n s i t i o n s  0 .03 1 0 - l ~  

3. P u l l i n g  by  n e i g h b o r i n g  t r a n s i t i o n s  + . 4  1 0 - l ~  .20 1 0 - l ~  

4.  C a v i t y  p u l l i n g  

5.  RF  spec t rum 

6. ( a )  Second o r d e r  Dopp le r  s h i f t  

0 .01 1 0 - l ~  

0 -02 1 0 - l ~  

-3.1 1 0 - l ~  .IO 1 0 - l ~  
( T y p i c a l )  

( b )  C a v i t y  phase s h i f t  ( f o r  a p a r t i c u l a r  d i r e c t i o n )  + .25 x .80 1 0 - l ~  

T o t a l  e r r o r  due t o  s y s t e m a t i c  f r e q u e n c y  b i a s e s  

( a )  Root  mean square -- .85 x 

( b )  Sum o f  e r r o r s  -- 1.38 1 0 - l ~  

7 .  Random u n c e r t a i n t y  0 .31 1 0 - l ~  
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